We present two realizations of a highly sensitive platform useful in environmental sensing and diagnostics -a Fabry-Perot (FP) interferometer -(i) a pair of semi-transparent mirrors integrated into a microfluidic channel and (ii) a silicon membrane of sub-micrometer thickness. Simple way to make microfluidic channels by (i) hot-embossing into a sheet of technical grade PMMA and (ii) double-sided tape fixed glass with Au-coated mirrors are presented. By changing the thickness of the Au coating, the roughness and porosity of mirror surface is controlled. In turn, this provides a method to tune finesse of the FP cavity to monitor solutions flowwing between the FP-mirrors. In case of silicon, the FP cavity is formed by coating two sides of a Si-membrane. These two different approaches to harness a high sensitivity of the FP interferometry are proposed: changes of FP cavity caused by materials in the channel can be monitored, while the coated membrane is used to monitor the effects which are induced by membrane's ambiance. The finesse of the FP cavity is optimized for the maximum spectral sensitivity at the cost of transmitted light intensity in case of microfluidic channel and silicon membrane. Via optimization of the finesse (in the range 2-5) and overall transmission of a FP-pair (20-60%) practical solutions are proposed for spectral sensing of (i) refractive index and mechanical channel width's changes in a microfluidic channel as well as (ii) temperature changes of membrane's environment. Asymmetric thickness of the FP mirrors can be used to optimize sensitivity.
INTRODUCTION
In sensing, search for a possibility to detect smallest changes in the shortest possible time will always be the driving direction. In microfluidics this usually means that interferometric -cavity-based -detection methods are promising. A micro-fluidic Fabry-Perot (FP) cavity has to be cavity not wider than few-tens of micrometer has to be used in order to have high spectral resolution of spectral peak change of few nanometers. High detection sensitivity for the air and water quality control also means that large volumes of substance should be processed (to be pumped through out sensing region/surface where an optical spectral monitoring of FP cavity is taking place). It is necessary to build simple, single-use, micro-fluidic chips. We explore here possibility to use polymethyl methacrylate (PMMA) as a building material and a substrate for FP mirrors.
1 Potential of this platform is in a simple thermal bonding of PMMA and facile connection of inlet/outlet tubes. Another prospective method to built a FP cavity using micro-thick double-sided adhesive tape is proposed and tested. Using this approach it is possible to obtain the highest quality FP cavities (defined by the flatness of the used glass plates) and, hence, the highest spectral sensitivity.
The extremely high spectral sensitivity FP-cavities can be made using sub-micron-thick membranes. Then, any changes of FP cavity thickness due to pressure, temperature, surface modifications can be sensed and using imaging this can be achieved in a distant contactless way. It has also potential in optofluidics, where the membrane makes a channel wall. Such membranes can be used in conjunction with micro-/nano-object manipulation by laser tweezers.
2-11
Nano-structures and nano-devices have typical three-dimensional (3D) cross sections smaller or comparable with 100 nm. The small size creates obvious handling, measurement, and characterization challenges of such nano-materials. There is an increasing application potential for nano-materials which could be incorporated and integrated into hierarchically larger structures of a sub-millimeter scale for new functions in the field of micro-electro-mechanical systems (MEMS) and their optical counterparts (MOEMS). One particular type of nano-materials, membranes which have thickness ∼ 100 nm while the lateral dimensions can be up to 10 4 times larger, are prospective candidates in this field. Recently, such membranes are used as substrate for nano-contact and break-junction fabrication with very precise control ∼ 0.1 nm of separation between the nano-contacts which are atomically sharp. 12 The membranes are made out of silicon-on-isolator (SOI) substrates by a simple few step wet etching procedure. The membranes are optically transparent, can be designed in different forms. This makes them attractive for MOEMS and microfluidic applications, e.g., the wet etched pits in SOI substrates can be used as reservoirs for single cell or micro-organism observation. Currently, such micro/nano-aquariums 13 are made by a more complicated femtosecond laser irradiation and subsequent wet etching of the 3D micro-volumes in glass or glass-ceramics.
14 In case of SOI, a functionality of micro-aquarium can be extended by adding electrical contacts and waveguiding using well established technological steps of Si processing.
Here, we report on realization of FP cavities in channel and membrane geometries. Also, a micro-aquarium in a SOI substrate is demonstrated using a thin optically transparent ∼ 200-nm-thick Si membrane. Laser trapping and manipulation of chiral liquid crystal droplet inside the micro-aquarium is demonstrated. In this study we show how a simple practical solution to increase reflectivity of one of the two FP mirrors deposited on a membrane positively impacts sensitivity and reduces detection noise. Application potential of Si membranes is discussed.
THEORY: A FABRY-PEROT RESONATOR
A common FP resonator consists of two high reflective mirrors positioned parallel to each other in a certain distance. 15 A light source emits broadband light, but due to the Fabry-Perot interference, only light of specific wavelengths passes the resonator. The transmitted wavelengths depend on the refractive indices of the medium used as resonator and the medium bordering the resonator as well as the distance between the two boundary layers. These correlations can be derived from the Fresnel equations. The characteristic properties of a FabryPerot resonator: free spectral range and finesse, are defined below.
Transmittance of a Fabry -Perot cavity
The Fresnel equations are solutions of the fundamental Maxwell equations for the special case that an incoming electro-magnetic plane wave hits on a plane boundary surface of two matters with different refractive indices.
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One part of the wave is reflected while the other one is transmitted. For an exposure of light perpendicular to the boundary surface, the equations simplify to:
protect here, n 1 is the refractive index of the material, where the incident wave E 0 and n 2 -where the transmitted waves propagate. When the single beams leave the resonator their phasing has to be the same in order to gain constructive interference. For the directly transmitted beam: with k = 2π /λ being a wave vector, and d the thickness of a resonator. The next transmitted beam is reflected inside two times before it is transmitted. Usually, a phase shift of π occurs if the resonator consists of two mirrors with air or a vacuum in between, because then n 2 < n 1 . 15 The amplitude of the n-th beam is given by:
The whole transmitted light is obtained by adding all partial beams. Applying geometric series formula, introducing the ref lectivity, R = r 21 r 21 and transmittivity, T = t 12 t 21 one would find a simplified result:
The transmitted intensity I t = E t E * t can be calculated:
where * denotes a complex conjugate and coefficient of finesse is defined as F =
4R
(1−R) 2 .
Free spectral range and finesse
The wavelength or frequency separation between the adjacent transmission peaks is called the free spectral range (FSR) of the etalon, Δλ or Δν. The FSR is related to the full-width half-maximum, δλ or δν, of any one transmission band by a quantity known as the finesse ( ) which is a physical quantity that can be used to describe the quality of a FP resonator and is defined as:
A high finesse corresponds to very narrow peaks in the transmittance spectrum and large spectral gaps separating them so they can clearly be identified. Since Δν and δν are easy to readout of measured spectra, the finesse is a proper way to analyze the reflectivity. This holds because the finesse depends directly on the reflection coefficient of the resonator:
values for R are between 0 and 1, so can be only positive. 
EXPERIMENTAL

Fabry-Perot in microfluidic environment
Our first chip with a microfluidic channel was made out of two PMMA sheets bonded together applying heat and pressure 1 ( Fig. 1(a) ). The bottom part had beforehand embossed channel which was formed out of a 25 μm thick Kapton film (Du Pont-Toray, Co., Ltd.) which was shaped with a bench-top CO 2 laser-cutter (VLS 2.30, Versa Laser). To perform a quality embossing of the PMMA sheets they were heated up to 130
• C, to be above the glass transition temperature of 105
• C. 16 Bottom mirror had the same surface roughness as Kapton film ∼ 40 nm (rms) as it is transferred during embossing process; we measured (Veeco ICON AFM System) surface roughness of new PMMA sheet and it was ∼ 3 nm, for this reason mirror on the top part of a channel had similar surface roughness of ∼ 5 nm (rms). A new piece of Kapton film was used for different embossments and minor carbonization on the edges was cleaned in an ultrasonic bath.
∼30nm-thick gold layer was deposited on a center part of a PMMA sheets in order to form a pair of semitransparent Fabry-Perot mirrors. Thermal evaporation was performed at 0.25 nm/s or lower rate to avoid formation of granular nanoparticles;
17 circular mask, having a diameter of ∼7mm was used to form mirrors. Holes were drilled in a top part of a chip to form inlet and outlet; syringe needles were inserted into drilled holes after thermal bonding in a heated press (90
• C and 15 Nm force moment).
We also implemented a different method to define separation between FP mirrors and the channel ( Fig. 1(b) ). We used a transfer adhesive (TA -ARclad 8026 Adhesives Research Inc.) and manual pressure (for ∼ 10 s) to glue together the plates. ARclad 8026 is a silicone-based 25 μm-thick TA, which is UV and moisture resistant. Channel pattern was cut in TA by CO 2 laser without carbonization. It is water impermeable and has a good mechanical durability. It is advantageous to use TA as compared with thermal embossing due to several reasons: (i) it shortened time of chip fabrication by 2-3 times, as there are fewer production steps, (ii) adhesive has a selected uniform thickness, hence, a better reproducibility between samples was achieved, (iii) surface roughness of a mirror pair is better as nothing degenerates PMMA and glass and (iv) different chip geometries can be realized.
Fabry-Perot in sub-μm thickness Si membrane
Silicon membranes are made in a chip consisting of several layers as shown in Fig. 2 . The side length of the membranes is about 0.64 × 0.64 mm 2 . The structure of the chip requires different steps to fabricate membranes. Detailed descriptions of the procedure is reported elsewhere. 18, 19 We applied slightly different procedure to obtain the samples described below.
The source material is a Silicon-on-insulator (SOI) wafer with a diameter of 10 cm. These wafers consist of two silicon layers with thicknesses of 450 μm and 340 nm, that are separated by a 400 nm layer of SiO 2 . The membranes are fraction of the Si top layer. First, the wafer is coated with a SiN-layer by plasma enhanced chemical vapor deposition (PECVD). This layer is, in contrast to silicon, resistent to KOH-etching. Laser ablation is used to open etching windows on the back side of the membrane. Then etching in KOH-base removes silicon till the SiO 2 -layer is reached. Due to the different fill factors of the (111) and the (100)-planes, the (100)-plane is etched more than a 100 times faster 20 resulting in the characteristic tapered shapes of the openings in the chip (Fig. 2) . The angle between the membrane and the side walls is about 57.74
• defined by the crystalline structure of silicon. After this step, the SiO 2 -layer is removed by HF-acid and after further cleaning step, the membranes are obtained. Then, the wafer is laser diced into small square chips with a side length of ∼1 cm that contain 9 areas of membranes. After the completion, a natural SiO 2 -layer is formed at the surface of the silicon with a thickness of a few nanometers. 21 It prevents further oxidation and the membranes are stable.
Laser trapping through a Si membrane
The chiral liquid crystal droplets for laser trapping and manipulation experiments were prepared by mixing nematic liquid crystal ZLI2293 (Merk) and a left-handed chiral agent S811 (Merk) 22 at ratio 36.6:4.3 mg (10.5 %wt) and dispersed in 20 ml of D 2 O to reduce absorption at the laser trapping wavelength of 1064 nm. The obtained chiral nematic crystal droplets have optical stopgap at approximately 510 ± 15 nm. Laser trapping was carried by a standard one beam laser tweezers setup at 1064 nm wavelength.
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The chiral liquid crystal droplets were dispersed in heavy water to reduce absorption at 1064 nm. Figure 3 shows schematically setup for laser trapping through a Si membrane. The chiral liquid droplets were laser trapped and spined by a circularly-polarized laser tweezers. The large droplets had a complex internal molecular alignment which resulted in a residual birefringence. The birefringence is necessary for an angular momentum transfer from the laser beam to the trapped droplet. 
RESULTS AND DISCUSSION
The channel and membrane FP cavities were characterized in micro-fluidic refractive index sensing and detection of temperature changes. Simulations of FP cavity were carried out using formulae presented in Sec. 2.1. Optical properties of gold used for simulations are taken from ref. 
Optimization of microfluidic chip for refractive index sensing
Weak solvents (water (n w = 1.3318), ethanol (n e = 1.3605), and methanol (n m = 1.3266)) were pumped through microfluidic channel using a peristaltic pump (Minipuls 3, Gilson). Microfluidic channel was filled and then pump was switched off to monitor PMMA swelling during experiments. As thermally deposited mirrors are not perfect and contain micro-holes and cracks solvent is able to permeate them and reach polymer. Swelling occurs directly under the mirror so this method proved to be very sensitive monitoring of minute displacements of FP cavity.
1 Solvents were chosen as they are often used in sensing applications. White light was focused into a spot of ∼ 1 mm on the top mirror of a chip. After passing through FP mirror pair it was collected using simple lens set-up into fiber-coupled portable spectrometer (QE6500, Ocean Optics) which had 0.4 nm resolution.
Long term experiment of 4.5 days was performed to monitor prolonged behavior of Fabry-Perot cavity in ethanol. Initially shrinkage at speed ∼ 0.86 μm/day started and after approximately 18 h of immersion changed into swelling at ∼ 0.34 μm/day (Fig. 4) . After approximately 90 h the channel collapsed and no more data could have been collected. We tried to measure behavior of a channel with slightly thinner 25-30 nm mirrors and found out that swelling stared immediately after filling a channel with ethanol (without initially shrinking). The rate of swelling was approximately 1.4 μm/day. This proves that the permeability of the Au coating is critical to control the rate of swelling. No detectable changes of the fringe pattern shift was observed (with a sensitivity level of detection ∼10% of FSR) in the empty (air-filled) channels.
We varied thickness of gold coating to optimize it for the required duration of uninterrupted measurements of spectral changes of Fabry-Perot transmission; these changes in spectrum appear due to adsorption of bacterial, viral or molecular species on the surface of functionalized FP mirror in a microfluidic chip. Typical experiments using a chip takes 1 -10 min, one expects the mirror coatings to withstand solvent permeation during this timespan. We found out that mirrors of 30 -40 nm thickness are transmissive enough for reliable spectral detection and already thick enough to slow down solvent permeation and polymer swelling/shrinking.
Changes of the refractive index inside channel was detected by switching from water to the water-glycerol mixture; the corresponding refractive index change is Δn = 3.1 × 10 −2 . Sensitivity of the refractive index sensing is Δλ/Δn 390 nm/RIU, where RIU is the refractive index unit.
1
By changing microfluidic channel design (see, Fig. 1 ) from thermal bonded to the tape assembled (panel (a) vs (b)), it is possible to improve finness from typically 2.5 to 3.5, respectively. Also, no swelling of the mirror on glass occurs facilitating higher precision measurements. Figure 3 shows schematically a setup for laser trapping through a Si membrane. The chiral liquid droplets were laser trapped and spined by a circularly-polarized laser tweezers. The large droplets had a complex internal molecular alignment which resulted in a residual birefringence. The birefringence is necessary for an angular momentum transfer from the laser beam to the trapped droplet.
Laser trapping and manipulation on the surface of Si-membrane
2, 24 Slow rotation of the droplets was observed Finesse (arb. unit)
Gold thickness (nm) Two-side (at 650nm) Two-side (at 550nm) One-side (at 650nm) One-side (at 550nm) Optimum Figure 5 . Finesse vs. thickness of gold mirror: simulation. By simulation of coating of the both sides of Si membrane, a significant increase of the finesse is observed around the 650 nm peak for the geometry of membranes used in our experiments. The optimum thickness of the one-sided FP mirror coating (for measurements in air) is marked; convolution of the finesse and transmission delivers the highest sensitivity of spectral shifts.
at laser trapping power 0.1-0.3 W at focus and changed handedness of rotation upon switching the polarization. This demonstrates successful laser manipulation of micro-sized objects through the Si membrane. By controlling the thicknesses of silicon and oxide layers it is possible to realize highly transparent membrane for a particular wavelength used for laser trapping or an auxiliary irradiation as as we demonstrated earlier. 25 Small mechanically or thermally induced changes of membrane thickness can be used for sensing as discussed next.
Realization of a temperature sensor with a Si membrane
An increase of temperature results in thermal expansion of the membrane as well as changes of the refractive index. The observed effect on the transmittance is a shift of the transmission peak to the longer wavelengths as well as a general decrease of peak intensity (transmission). Depending on the wavelength, the detected signal will drop if the wavelength is located on the left side of a peak, or may increase if it is on the right-side. The former case is preferred due to a larger difference of the detected signal for the same increase of temperature. The physics of phenomenon is discussed below.
The first point to discuss is the electron density. For an expansion of the medium, the electron density N decreases. With a decreasing N , the refractive index decreases. The expansion coefficient of silicon also depends on temperature. In the temperature domain of our experiments, silicon behaves as expected, i.e., the real and imaginary parts of refractive index n and k decrease upon heating.
The second point to consider is the band gap. For higher temperatures, the lattice vibrations increase so that the average distance between the atoms increases. This can be understood in such a way, that an atom is oscillating in the 1D potential well of another atom. The shape of this potential well is not symmetric with respect to its minimum. The interior part rises faster for an increasing distance to the minimum than the exterior part. If the oscillating atom is heated, it can reach a larger part within the well and due to its shape, it will spend most of its time in the exterior part of the potential. For this reason, the average distance between the atoms increases. As a result of the larger average distance between the atoms, the band gap decreases. A smaller band gap means that photons with less energy than 1.12 eV can be absorbed in order; hence, k becomes larger at higher temperatures. This effect is supposed to dominate the thermal expansion in consideration of ∂k /∂T .
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Ellipsometry experiments confirms this trend for n(λ, T ) and k(λ, T )
27 following: dependencies; here, n 0 (λ) and k 0 (λ) are measured at 0 • C; a n (λ) is a polynomial function of the fifth order which is positive for the visible part of the spectrum. This means that n is always increasing with T , which is a contradiction to the reduced electron density, so other effects occur. A mathematical explanation for this behavior can be found elsewhere. 26 The temperature dependence of k is consistent with expectations.
Finesse and asymmetric FP cavity: simulation
We analyze here a possibility to use an asymmetric FP membrane cavity by evaporation of FP mirrors with different thickness (see, Figs. 5, 6 ). This provides a compromise between a partial increase of finesse while maintaining required overall transmission as discussed below. Such asymmetric FP cavities is easy to fabricate by one side coating (see, Fig. 6 ). Figure 5 shows the simulated finesse depending on the thickness of gold layer on one side and two sides, respectively. All curves show a small decrease before the resonator improves its quality. However, only for the both sides evaporated mirrors, the 650 nm peak shows a significant increase for for thicker gold layer as compared to the other configurations (see, Fig. 5 ). It is noteworthy, that FWHM of different peaks is changing differently with increase of mirror thickness (reflectivity) invalidating the average finesse as a measure of sensitivity of detection (see, Fig. 6 ).
Besides the increase of finesse, other effects occur. On the one hand, the peaks that were initially located around 550 nm and 650 nm have an increasing shift to the longer wavelengths for larger thickness of gold. On the other hand, the overall intensity decreases due to the absorption and extra reflection of gold. In simulations and experiments, we found that approximately 40-nm-thick one-sided FP mirror is a practical compromise when finesse of ∼ 3 and satisfactory transmission are achieved. This was for the membrane in air and it would be different for experiments when one side of the FP cavity is in contact with ambience of different optical properties (e.g., microfluidic chamber as shown in Fig. 3) . Reduction of transmission and can be compensated by increasing the light intensity in most of applications. Figure 7 shows changes of the peak, dip, and FWHM positions for the 650 nm peak as gold thickness increases.
When temperature changes the chosen wavelength can slide from one side of the FP-fringe peak to the other. This would can lead to misinterpretation of actual temperature. To avoid that the wavelength at one side of the peak should be monitored (this limits the range of temperature change detectable by the membrane thermometer). The wavelength is chosen in the center of a flank of the peak and therefore is most sensitive to changes of the optical thickness (see, Fig. 7 ). A Nd:YAB laser 28 with a wavelength at 592 nm would perfectly fit the monitoring of temperature by transmission changes. As expected, a larger thicknesses absorption and reflection reduce transmission to less than 10%. This is compensated by augmented finesse which is important for high sensitivity. It is noteworthy, the increasing absorption of gold coatings can effect the temperature gradient between membrane and environment. In view of all these circumstances, an optimal thickness of the gold coatings has to be determined experimentally.
Finesse control: experiment
The evaporation of FP mirrors on Si membrane is carried out in steps of 10 nm from 0 to 80 nm. Then we also made FP mirrors with one side thicker that the other. The measured transmission spectrum is divided by the spectrum of the light source -condenser illumination.
For the thickness of 70 and 80 nm, transmission throughout the FP pair was too low. The spectral resolution of spectrometer was 0.37 nm, resulting in a relative uncertainness of temperature determination of 6.9%. The measured data (Fig. 8) shows for low thicknesses a similar behavior as already seen in the simulation. Before a thickness of 10nm is evaporated on the membrane, the finesse does not rise. However, for higher thicknesses the finesse of the peak around 550nm is increasing stronger than expected. At the same time, the maxima around 650nm is not as narrow as in the simulation, so the values for the finesse are smaller.
The results match with the simulation. The applicable part of the spectrum for the 650nm peak varies between 60.5nm and 40.2nm and the most sensitive wavelength is again around 600nm. An important conclusion is that the coatings can be used to adjust the resonator to light sources with specific emitted wavelengths in certain limits. The transmittance decreases as expected significantly and especially between 0nm and 10nm more than in the simulation.
Temperature calibration and comparative measurement
The temperature calibration is carried out with a membrane, where gold is evaporated on both sides with an average thickness 45.3nm. During the heating, the whole spectrum of the transmitted light is recorded with the spectrometer, so arbitrary wavelengths can be used for a calibration. In consideration of the previous results, one expects the most sensitive wavelengths as already mentioned around 525nm and 600nm. However, the transmittance maxima were not at the exactly same spot as in previous measurements, so other wavelengths turned out to be more sensitive. Fig. 8 illustrates this situation. A measurement of the 20 K temperature difference has been carried out with a membrane without gold mirrors and with 45.3-nm-thick FP mirrors; both side mirrors have approximately same thickness/reflectivity. The heat source was on and off while the transmission was monitored. The measured transmittance is plotted in Fig. 9 . The wavelengths chosen for the measurement are slightly different because of the actual spectral shift for the FP coated cavity. The criterium used to compare the two signals is the signal-to-noise-ratio (S/N) defined as the ratio of the mean and the standard deviation of the measured signal; 29 these two quantities are normalized to the value of the signal before heating to make the two measurements comparable. The transmission drop during heating by 20 K divided by the S/N provides a value for the temperature resolution of the particular configuration without averaging. The FP mirrors lead to a larger relative decrease of the signal while the noise remains the same. Therefore, the S/N improves by a factor of ∼ 2.6 and the temperature resolution is slightly better than 1 K.
In order to determine the maximum resolution achievable with this set-up, the membrane coated with 81 nm of gold on each side was heated by 20 K. The white LED light source was placed about 1 -2 cm above of the membrane to achieve a high light intensity. The wavelength of observation was 606 nm. Experiment showed, that the sensitivity of a silicon membrane can be improved by factor of 14.8, from which, 1.9 is a result of the reduced spectrometer noise over the same registration time. However, a heating of the FP mirrors by the high intensity can cause an artifacts at high intensity.
Optical properties of gold used in simulations can slightly differ from the properties of FP mirrors which have been evaporated in several steps. Alos, some porosity of mirrors can exist. In theory, it takes only about 30 nm to achieve a finesse of 5 for the 650 nm peak, however, 40 nm coating was necessary in experiments.
CONCLUSIONS
The FP cavities built into a microfluidic channel and deposited on a Si-membranes are demonstrated. Simplified thermal bonding of microfluidic channels with FP sensors are made using thermal and double-sided adhesive tape bonding. The FP mirrors can be used as sieves for permeation of solvents out of the channel into the polymer base of the mirror. This delivers a high sensitivity method to monitor mechanical changes of polymer due to swelling and shrinking caused by solvent.
1
Here we demonstrated a possibility to use silicon membranes as thermometers using principles of FP interference. The S/N-ratio was improved from 7.8 to 116 for a spectral integration time of 100 ms; this corresponds to 2.52 K and 0.17 K resolution, respectively. The gold coating of FP membrane cavity allows to use Si-membranes over visible spectral rangeof 400-800 nm. The lateral resolution is determined by the illuminated part of the membrane ans can be as small as 5-10 μm using a microscope. For the used thickness of the membranes (300-350 nm), the spectral range between 600 nm and 650 nm is the most sensitive, as determined by temperature calibration. Membranes coated on one side showed a practical compromise between sensitivity of transmission detection and temperature change.
Si-membranes are shown to be a versatile sensing platform for monitoring thermal changes using visible light and can be combined with optofluidic and laser trapping setups. Feasibility to monitor temperature changes in the close proximity of the focal spot of laser tweezers, which can be placed on the surface of membrane, will be investigated further.
